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Abstract. This paper reports the first working example of a liquid
marble-operated sequential binary counting device. We have designed
a lightweight gate that can be actuated by the low mass and momen-
tum of a liquid marble. By linking a number of these gates in series,
we are able to digitally count up to binary 1111 (upper limit only by
our requirements). Using liquid marbles in such a system opens up new
avenues of research and design, by way of modifying the coating and/or
core of the liquid marbles, and thereby giving extra dimensions for cal-
culation (e.g. a calculation that takes into consideration the progress of
a chemical reaction inside a liquid marble). In addition, the new gate
design has multiple uses in liquid marble rerouting.
Keywords: Liquid marbles, Unconventional computing, Binary counter,
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1 Introduction
1.1 Liquid Marbles
Liquid marbles (LMs) were first reported by Aussillous and Quéré in 2001 [3],
and have since become increasingly popular in chemistry, particularly condensed
matter. They are composed of two parts: a microliter sized core of liquid (usu-
ally water), surrounded by a powder coating. This gives them their other name
‘particle-coated droplets’. A typical volume of a LM is 10 µL, which results in a
typical diameter of 3mm. A schematic of a LM is shown in Fig. 1. We shall look
at both the core and coating in turn.
The bulk of a LM is composed of the core. This microliter droplet is made
of water generally (because its high surface tension allows for the easiest LM
formation), though glycerol is quite common [4], and even petroleum has been
used [7]. This paper will focus on water-filled LMs.
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Fig. 1. A schematic of a liquid marble. The core is generally comprised of water or
glycerol, and the hydrophobic powder coating could be PTFE, PE, lycopodium grains,
etc. A typical diameter of the entire LM is 3mm, whilst the powder particle sizes could
be 10 nm to 400 µm in diameter. Note the non-homogeneous coating.
The coating of a LM is comprised of a micro- or nano-sized powder, that
(for water cores) is hydrophobic. ‘Hydrophobic’ comes from the Ancient Greek
‘fear of water’. Chemically, hydrophobic powders are normally lacking in polar
intramolecular bonds, which results in few intermolecular hydrogen-bonds form-
ing between the water and the substrate. It is this shortage of attractive forces
that is often (mistakenly) portrayed as a water-repelling repulsive force. Com-
mon examples of LM powder coatings include polytetrafluoroethylene (PTFE)
[5], polyethylene (PE) [1] and modified-lycopodium grains [3]. A variety of pos-
sible powder coatings are demonstrated in Fig. 2. Note the difference in particle
size, especially in the hybrid example shown in Fig. 2(d). This (in combination
with the powders degree of hydrophobicity) gives rise to very different character-
istics of LM lifetime, ruggedness and hysteresis. For a recent overview on these
dependencies, see reference [11].
As can be seen in Figs. 1 & 2, the coating of LMs is not homogeneous.
Rather, it is a mixture of single-layer and multilayer particles. Whether a single-
or multilayer is formed is dependent on the identities of both the core and the
coating. Particles with a very high surface contact angle (such as PTFE) tend
to form single-layers. Conversely, less hydrophobic particles (such as the PE or
nickel) tend to form a multilayer. It can be possible to convert a multilayer
LM into a single-layer, by repeated rolling. The excess particles fall off the LM,
leaving a single-layer.
There are often gaps in the particle coating, where the surface of the core
is exposed to the atmosphere and therefore visible. As (perhaps) anticipated,
this is more common in single-layered LMs. As a LM ages however, it looses
some of its aqueous core to evaporation, which results in a slight contraction
of the shell. This has the effect of closing these exposed sections. One would
intuitively anticipate that this would, in turn, reduce the evaporation rate of the
LM, however this is not the case [11]. The reasons behind this are still unclear,
although a possibility is that the shrinking in pore size causes an increase in the
capillary effect. This would result in the water core being closer to the surface,
and therefore able to evaporate faster.
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Fig. 2. Photographs of 10.0µL liquid marbles. All examples have a diameter of 3mm.
The powder coatings portrayed are (a) PTFE (grain size: 6µm to 10µm), (b) PE (grain
size: 100 µm), (c) Nickel (grain size: 4µm to 7µm) and (d) a Nickel-PE hybrid.
One of the main features of LMs, and one of the reasons for their use in
this project, is that they roll with minimal resistance. On a typical surface (e.g.
glass), a water droplet will adhere to the surface, causing resistance to its motion.
Conversely, if a water droplet is placed on a hydrophobic surface (e.g. a non-
stick frying pan), the water droplet will bead up and roll off with ease. A LM is
literally coated in a hydrophobic powder, generating a very large contact angle,
and therefore rolls with extreme ease. This gives LMs great merit in fields as
diverse as glue delivery systems [8] and digital microfluidic bioassays [18].
Liquid marbles are a new, but strong, player in the field of digital micro-
fluidics [17]. Microfluidics involves the formation, behavior, and ultimately the
control of microliter quantities of fluid. It is a multidisciplinary area, with a
large and growing interest in automation and high-throughput screening. Digital
microfluidics is when the fluid is in discrete droplets, as oppose to in a continuous
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flow. There are a number of ways to manipulate these droplets, the most com-
mon of which are magnetic [21], electrowetting on dielectric (EWOD) [10], and
surface acoustic wave (SAW) [13]. All of these techniques, however, require both
a pre-treated surface and electricity. By encapsulating the droplet in a particle
coating and forming a LM, there is the potential to remove both of these limi-
tations. This would allow for the construction of cheap devices for point-of-care
diagnostics in low-resource areas [20].
In order for the microfluidic LMs to increase in capability, there is a require-
ment for behavioral control. Control units will need to be able to route [19],
merge [4], divide [6], and auto-generate [9] LMs. This work demonstrates a new
re-routing technique for LMs, in the form of a mechanical computing device. This
device does not require surface-pretreatment, and is powered by gravity: thereby
removing the limitations of other digital microfluidic manipulation techniques.
1.2 Existing Computational Techniques with Liquid Marbles
Liquid marbles have recently been used experimentally for computation, in a
collision-based interaction gate [9]. In the design, two LMs rolled down slopes
towards each other and collided. The resulting change in vector was then inter-
preted as computation. In this LM interaction gate, the Boolean-determining
signal was the presence (True) or absence (False) of a LM. It was noted that,
due to the soft shell-like nature of the LMs, the collisions observed Margolus
pathways [15], as shown in Fig. 3(a). These differ from the better-known billiard-
ball pathways by allowing for the finite amount of time it takes for a soft-sphere
to deform. This analogy could be broken, however, by increasing the kinetic en-
ergy of the impact above the effective surface tension of the LM. Above this
threshold, the LMs would coalesce, and the system acted like the fusion gate
shown in Fig. 3(b). In both instances the gate implemented and and and-not
logical functions, based on the location of output LMs.
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Fig. 3. Diagrams of interaction gates. (a) A Margolus gate, demonstrated using com-
pressible spheres as signals. (b) A fusion gate, where the two signals coalesce to form
one new signal.
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The LM coating used in [9] was a mix of nickel (Ni) and PE, forming a
hybrid LM that was ferromagnetic enough to be held by electromagnets. This
feature was used to enable accurate timings on the interaction gate. Without
this feature, ensuring timings and collisions was intractable.
Recent work [11] has shown that the impact survival time of PE LMs is far
superior to Ni-PE hybrid LMs. Unfortunately, the non-magnetic nature of PE
makes precise synchronization of the LMs arduous. It was decided, therefore,
to develop a computing device that did not require such accurate timings, but
could instead be run sequentially.
2 Liquid Marbles for Mechanical Counting
2.1 Mechanical Flip-Flop Gates
Mechanical flip-flops have been designed previously, though they have always
been actuated by something relatively heavy, such as a coin [2], a ball [16], or even
a can [14]. We have developed a distinct and notably different mechanical flip-
flop, that is designed specifically to be actuated by the low mass and momentum
of a single LM.
Shown in Fig. 4(a), the flip-flop is roughly shaped like an isosceles-triangle,
with the top pointing to either 10 o’clock or 2 o’clock (its two bistable positions,
when compared to the hour hand on the face of a clock). These are visualized in
Fig. 4. When in use, LM #1 approaches the flip-flop from the top and follows
the path guided to it by the flip-flop. As the LM moves along, its mass causes the
flip-flop to ‘flip’. As a result, when LM #2 approaches the flip-flop, it will both
be guided in the other direction and reset the flip-flop to its original position.
LM #3 will then follow the same path as LM #1, and so on. There are two
overall consequences of this: as each LM passes through, the resting position
of the flip-flop oscillates between the two bistable positions—10 o’clock and
2 o’clock; additionally, alternate LMs exit through alternate pathways. These
pathways are demonstrated in Fig. 4(b).
This design acts like a traditional electronic flip-flop: it is a bistable multi-
vibrator, and each of its two positions can be interpreted as binary 0 or 1. The
rolling LMs act in a similar way to the electronic data signal pulses, changing the
reading as they arrive. The LMs roll by converting their potential energy into
kinetic energy, and so the system is powered by gravity instead of electricity.
The LMs roll along guides, which act like the wires that guide electrons in an
electronic system.
Each flip-flop has been laser cut from 3mm thick cast acrylic. It has dimen-
sions of 29mm× 14mm× 3mm, and weighs 154mg. The pivot point (diameter:
0.60mm), easily seen in Fig. 4(a), has been engineered to be at the center of
mass of the flip-flop.
2.2 Liquid Marble Actuated Mechanical Counter
By linking four of our flip-flop gates in series, we were able to design and con-
struct a proof-of-principle logic device, capable of counting up to binary 1111
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Fig. 4. (a) A photograph of our flip-flop gate. The front has been colored for visibility.
The flip-flop is 29mm across. (b) A diagram showing the motion that our mechanical
flip-flop gate takes, when actuated using a LM. Starting at the 10 o’clock position, the
LM enters the system and interacts with the flip-flip—rotating the flip-flop to the 2
o’clock position whilst the LM exits to the right. If at the 2 o’clock position when the
LM enters, the flip-flop is rotated to the 10 o’clock position, and the LM exits to the
left. A typical LM has a diameter of 3mm.
or decimal 15. The basic principle is similar to part of a 1965 patent [12]. Our
design schematic is shown in Fig. 5(a) and a photograph of the constructed de-
vice is shown in Fig. 5(b). In this design, a flip-flop is considered to represent
binary 0 when pointing to 10 o’clock, and binary 1 when pointing to 2 o’clock.
The memory is read from the bottom up. So decimal 8 would be binary 1000,
with the 1 physically situated at the bottom of the device.
To start, the system should have a clear memory, with all the flip-flops point-
ing to 10 o’clock, and the readout being 0000. When LM #1 enters the system
from the top, it queries the first flip-flop and obeys the logic table shown in
Tab. 1. On discovering that the first flip-flop reads 0, it changes it to a 1 and
exits to the right (exiting the system). At this point the readout is 0001. One
can consider that the LM has queried the memory, added one to its value, then
rewritten the new value back to the memory: a destructive readout.
Table 1. Logic rules for the liquid marbles to observe, as they pass through the me-
chanical counting device and interact with flip-flop gates.
Flip-Flop Bit Action
Left 0 Change bit to 1, exit system
Right 1 Change bit to 0, query next bit (or overflow if none)
When LM #2 next enters the system, it queries the first flip-flop and reads
a 1, so it changes it to a 0 and exits to the left towards the second flip-flip. Here
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Fig. 5. The (a) CAD design file and (b) a photograph of the LM counting device. It
measures 208mm× 286mm× 6mm.
it reads a 0, so changes it to a 1 and exits to the right (exiting the system).
At this point the readout is 0010. This continues in a similar manner until the
system reads 1111 (decimal 15), at which point the next LM will cause a memory
overflow and reset the readout to 0000. Stills from a video portraying operation
of the device can be seen in Fig. 6. A more abstract view of the devices operation
can be envisioned, where the two different bistable positions are indicated by a
headless arrow. As a LM moves through the system it causes the flip-flop gates to
alternate position, with 16 total possible states before overflow occurs (24 = 16).
Such a schematic, with all possible states portrayed in order, reading from left
to right & top to bottom, can be seen in Fig. 7.
As the LMs move through the device, it is worthy of note that they do not
slide. Instead, the LMs demonstrate a superposition of both rotational and trans-
lational motion (i.e. rolling). This is in direct contrast to the motion expected
of uncoated droplets. A side effect of this superposition is observed when two
LMs are permitted to roll next to each other. Rather than running together like
smooth ball bearings, they instead bounce off each other. This is caused by the
approaching front of the chasing LM moving vertically down, in direct contrast
to the rear of the leading LM moving vertically up. The clash causes both LM to
temporally pause, and for the chasing LM to actually roll backwards. As such,
the LMs must be timed so that they do not make contact with each other.
The LMs used in the counting device had a core of pure deionized water, with
a volume of 15.0µL. We found that this volume had the optimal mass to actuate
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Fig. 6. Stills from a video demonstrating the counting device. These were restaged to
improve clarity. Originals and video are available. The LM approaches from the top,
flips the first gate from right to left, exits to the left, then flips the second gate from
left to right, then exits to the right. The respective relative times of the frames are
0ms, 99ms, 233ms, 466ms, 533ms, 633ms, 733ms, 1033ms and 1199ms.
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Fig. 7. An abstract schematic showing the 16 different positions the flip-flop gates
take as each LM moves through the system. Read from left to right & top to bottom.
Flip-flops are grouped in fours; each group represents the processing of a single LM.
The least significant bit is at the top of a group, and the most significant bit is at
the bottom of each group. On the 16th LM, the device overflows and assumes the first
position (i.e. binary 0000).
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our flip-flop gates. Heavier LMs often deformed or got stuck, whilst lighter LMs
were not able to actuate the gates. We used two different coatings for the LMs.
The first was a Ni-PE coating, originally portrayed in reference [9]. The second
was a pure PE coating, which has recently been shown to make stronger and
longer-lasting LMs in collision-based activities [11]. LMs made from either of
these coatings were able to successfully traverse our counting device.
2.3 Speed-Bumps in the Design Process
As with any R&D adventure, throughout the design of the counting device there
were obstructions to overcome. We hope that this section will help anyone who
intends to repeat or continue this work.
The main difficultly we had to overcome was the design and construction
of a mechanical flip-flop that could be actuated by the small weight of a LM
(∼16mg, less than two grains of sand). This was achieved over multiple iterations
of constructing, testing and optimizing. During this process, we concentrated on
minimizing the mass of the gate (while maintaining structural integrity), as this
would reduce the moment of inertia. This had to be balanced with the limitations
of the equipment available to us. The flip-flops were laser cut from 3mm acrylic,
and as such were limited by the both the melting of the acrylic and the Gaussian-
style beam of the laser. Consequently, the absolute smallest arm-width we could
cut was 0.8mm, and the smallest we could reliably cut was 1.0mm (which we
used in the device).
The design also had to balance the increased moment of inertia caused by
having long ‘arms’, with the increased pivoting ratio. This was achieved through
testing a series of different sizes. During these tests, the pivot location was con-
stantly updated to remain at the center of mass, therefore minimizing the force
required to rotate the gate.
It was necessary to minimize the friction around the pivot. We initially used
PTFE coated wire as the pivot (PTFE is regarded as one of the lowest-friction
materials). However, the PTFE coating required a reduction in the diameter of
the metal core of the wire. This had the unfortunate side effect of making the
pivot too flexible. Instead, a steel pivot was used, which also has a low friction
coefficient. However, this was insufficient, and so we laser-cut our own washers
from 0.25mm PTFE sheets (we were unable to source a supplier to provide them
small enough). This proved to reduce the friction sufficiently to allow the flip-flop
to rotate around the pivot.
The pitch of the device is critical to its successful operation. If the angle is
too steep, then the LM will run too fast and either mis-actuate the flip-flop or
come off the device entirely. Likewise, if the angle is too gentle, the LM will
either not have enough momentum to actuate the flip-flop, or it will not roll at
all. We discovered, using an in-house rig to adjust and accurately measure the
pitch, that the ideal angle for our device is 52◦ from horizontal for 15µL LMs.
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2.4 Materials and Design
Both the flip-flop gates and the mechanical counting device were designed using
the CAD software Autodesk AutoCAD 2018. They were then laser cut from
3mm clear cast acrylic. The counting device was made up of a backboard and
a front-board, which was itself composed of a large piece and several smaller
pieces. The separate components of the counting device were held together by
pins and clamps, before being affixed using RS Pro AB-3 Acrylic Adhesive (RS
Components). Steel pins (0.50mm diameter) were installed as pivots, and glued
in position using epoxy resin. The PTFE washers were also CAD designed (outer
diameter: 10.0mm, inner diameter: 0.6mm), before being laser cut from 0.25mm
sheet PTFE. The washers were then placed onto the steel pins before the flip-flop
gates. For optimal performance, our device was tilted at 52◦ from horizontal.
3 Conclusions and Future Work
This paper demonstrates the first sequential logic device implemented using LMs.
Through the careful design and construction of a light-weight and low-friction
flip-flop gate, a simple proof-of-principle counting device has been constructed.
This device counts upwards in integers, from binary 0000 to 1111 (decimal 0 to
15). This upper limit is only restricted by the size of the constructed device,
leaving the possibility for much larger devices.
We have also reported on the design and construction of a new microfluidic
LM router: the small mechanical LM-actuated flip-flop. By using gravity to
power the device, and forgoing the traditional surface pre-treatment, develop-
ment of low-resource devices is possible. There is also scope for using the LMs
as cargo-carriers, and having the flip-flop gates act as path-directors.
A possible use for a device like this is in patient-care in challenging envi-
ronments. If a spring-loaded syringe pump was injecting into a patient, then a
small side-branch could be taken off the line. This spur (diverting less than 1%)
could form LMs (using the set-up reported in reference [9]) which run through
the counting system. This would provide a clear non-electrical digital readout of
how much has been injected, compared to the analogue readout of the syringe.
However, this set-up would obviously require pre-calibration.
There is much scope for continued worked in this field. We are already de-
signing a larger and more complex arithmetic machine, to fully take advantage
of the flip-flop gates. Additionally, the use of LMs allows for an entirely new di-
mension of programming: the LMs represent a combination of data signals and a
clock pulse, and by varying the coating and/or core of the LM, each can be given
a different purpose and identity. There is also scope for chemical reactions to be
undertaken inside the LMs: for example a reaction that destroys a LM after a
certain amount of time could be used to provide a time-limit on data signals.
In summary, we have produced a working model of a LM-actuated sequential
binary counting device. This proof-of-principle device has enormous scope for
continued development, and we anticipate a variety of designs in the future.
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